How should we meet the demand for wood while minimizing climate and biodiversity impacts? We address this question for tropical forest landscapes designated for timber production. We model carbon and biodiversity outcomes for four archetypal timber production systems that all deliver the same volume of timber but vary in their spatial extent and harvest intensity. We include impacts of variable deforestation risk (secure land tenure or not) and alternative harvesting practices (certified reduced-impact logging methods or not). We find that low-intensity selective logging offers both the best and the worst overall outcomes per unit wood produced, depending on whether certified reduced-impact logging methods are used and whether land tenure is secure. Medium-to-high-intensity natural forest harvests and conversion to high-yield plantations generate intermediate outcomes. Deforestation risk had the strongest influence on overall outcomes. In the absence of deforestation, logging impacts were lowest at intermediate and high management intensities.
Introduction
Humans now actively manage the majority of land on Earth for the production of food, fiber, and energy (Hooke et al. 2012) . The harvest of wood from natural forests is the primary cause of tropical forest degradation (Pearson et al. 2017) , and the conversion of natural forests to wood fiber plantations is among major causes of tropical deforestation (Hansen et al. 2013; Abood et al. 2014) . Combined, tropical deforestation and degradation generate greenhouse gas emissions equivalent to the global transportation sector (IPCC 2014) and are a major threat to biodiversity (Gibson et al. 2011 ). Yet, halting timber harvests could have perverse climate impacts to the extent that wood is replaced by higher carbon footprint materials (cement, metal, and fossil fuels) (Oliver et al. 2014) .
How do we meet the demand for wood products while minimizing CO 2 emissions and biodiversity losses? In the context of forested landscapes already designated for timber production, should we promote the intensification of production in small areas with intent to spare large areas of forest from human impacts, or would it be better to promote best practices for extensive low-intensity harvests from native forests?
Recent studies have addressed this type of "sharing versus sparing" question for food crop yields and biodiversity impacts (Phalan et al. 2011; Lee et al. 2014) , and for wood yields and biodiversity impacts for selective logging scenarios (Edwards et al. 2014) . Here, we consider this question for both biodiversity and carbon outcomes across a wide range of timber harvest intensities. We do so by combining empirical data from the literature with models of four archetypal timber production systems that vary from low (selection harvest) to high (plantation) yield, and from conventional (CL) to reduced-impact logging (RIL) methods.
A critical concern is the vulnerability of "shared" and "spared" forests to external drivers of forest conversion (Fischer et al. 2014) . Sometimes, loggers catalyze deforestation (Asner et al. 2005) , and sometimes they are successful agents of forest protection (PorterBolland et al. 2012; Gaveau et al. 2013) . With these contrasts in mind, we model alternative relationships between different forestry scenarios and deforestation rates.
Many tropical countries have put forward ambitious targets for reducing emissions from deforestation and forest degradation while demand for wood products continues to increase (Elias & Boucher 2014) . Our analysis explores the extent to which sharing, sparing, and improved logging practices offer preferred approaches to balancing wood yield with carbon emissions and biodiversity conservation.
Methods
We modeled carbon and biodiversity outcomes for four forest management scenarios with three variables: wood harvest intensity, land tenure security, and the presence or absence of RIL (Table 1) . We assumed that forests in which RIL practices are employed are certified to be responsibly managed by a third-party certifier such as the Forest Stewardship Council (FSC). Harvest intensity included: (1) low-intensity selective logging, (2) mediumintensity selective logging, (3) high-intensity selective logging, and (4) medium-intensity selective logging with subsequent conversion to intensive timber plantations. We ran the scenarios with a common starting point: 30,000 ha of intact harvestable terra firme forest from which overall annual timber yields were kept constant (10,000 m 3 year −1 ). To maintain this yield, areas used for timber production declined from the full 30,000 ha for low-intensity selective harvesting to only 1,125 ha converted to plantations, as a function of variable levels of management intensity indicated by the literature (Tables S1-S2 ). Timber production areas were assigned to be a logging concession, while the remainder of the 30,000 ha forest area was "spared" from logging (Table 1) . We ran each scenario with rates of deforestation pressure derived from the literature. We assigned the gross mean pantropical rate of annual forest loss (0. 45% Hansen et al. 2013) as the mean deforestation rate for all "spared" areas outside of logging concessions. Adjustments were made to this base rate for logging concession areas depending on two alternative assumptions: (1) concession managers have insecure land tenure and catalyze deforestation by constructing logging roads, or (2) concession managers have secure land tenure and resist deforestation to protect their interests. We included two levels of reduced deforestation rates in concession areas with secure land tenure, depending on the presence or absence of forest certification. All of these deforestation rates were derived from recent studies that employed proper paired comparisons to control for confounding spatial variables. (See Supplementary Materials S1.) Emissions from forest clearance for timber harvest infrastructure (haul roads and log landings) are included as a flat impact per ha logged regardless of harvest intensity (Table 1 ) and are not counted as "deforestation." We did not assume that areas spared from logging were turned into effectively protected areas because this would result in unbalanced scenarios with variable levels of government investment in protection, and because we are unaware of a precedent for establishing protected areas as a function of timber harvest intensity.
We modeled annual gross and net carbon fluxes from timber extraction with parameters derived from the literature on logging impacts as they vary with harvest intensity and regrowth rates for natural forests and plantations (see Tables S1-S3 ). We conservatively assumed that emissions from RIL were 30% lower than CL at a given logging intensity, based on studies from across Latin America, Africa, and SE Asia (Tables S1 and S3 ). This also assumes that RIL is effectively implemented, given that when RIL is not effectively implemented climate benefits may not occur (Griscom et al. 2014; Martin et al. 2015) . See Supplementary Materials S1 for full descriptions of each of the four scenarios.
We modeled the biodiversity outcomes for each scenario in terms of animal and plant species richness, using the matrix-calibrated species area model (Koh & Ghazoul 2010) ,
in which S org and S new are the species richness before and after forest management, respectively, A org and A new are the total original and new forest areas, and the exponent reflects the habitat suitability of the landscape matrix. We only considered the state of biodiversity after 60 years, as there is too little known about the process of biodiversity recovery after selective logging. See Table 1 for summary data.
To model our uncertainty in the estimates of various carbon and biodiversity parameters, we ran Monte Carlo simulations (10,000 runs), each time randomly drawing from a distribution of potential parameter values (Supplementary Materials S1 and S2). Figure S1 for source analysis for emissions intensity values used in uncertainty analysis. This includes impacts from felling and skidding, but not haul roads and landings which were assigned separately as a flat rate per ha harvested.
b These are the mean (literature derived) values used in uncertainty analysis. Areas converted to plantations are assumed to not be susceptible to deforestation. We assume that insecure land tenure was not applicable to RIL subscenarios, which were associated with independent third-party certification that verifies legality. See Supplementary Materials S1 for derivation of deforestation rates from the literature.
All scenarios produce 10,000 m 3 of timber each year from a 30,000 ha forest area with initial intact forest biomass carbon stocks of 226.8 MgC ha −1
. Scenarios vary in terms of harvested area and harvest intensity, deforestation rates, the use of reduced-impact logging (RIL) versus conventional logging (CL) practices, and associated carbon parameters. Cumulative net committed carbon emissions after two harvest cycles (60 years) under four alternative scenarios that vary in wood production intensity and extent of timber production across a 30,000 ha forest area. Total annual harvest volume is kept constant. Emissions in subscenarios vary due to direct logging impacts associated with either conventional logging (CL) or certified reduced-impact logging (RIL) practices. Emissions also vary due to differences in deforestation rates within timber production areas as a function of land tenure (secure or insecure) and certification (RIL certified or not). Outcomes due to both direct logging impacts and deforestation (a) are indicated by higher y-axis values than outcomes due only to direct logging impacts (b). Error bars represent ± 1 standard deviation. See Table 1 for model parameters, Supplementary Materials 1 for method details, and Figure S2 for carbon fluxes through time.
Results

Carbon fluxes
Potential carbon emissions from deforestation were about an order-of-magnitude greater than those from timber harvests (Figure 1 ). Deforestation emissions varied considerably among scenarios depending on the deforestation rates associated with forest use (wood production or not), RIL and certification (presence or absence), or tenure status (secure or not) derived from the literature (Table 1, S1 ). Emissions from deforestation were smallest and largest in the two low-intensity scenarios. Deforestation emissions did not notably differ among medium intensity, high intensity, and plantation conversion scenarios. Net cumulative emissions from only direct impacts of timber production over 60 years were not as clearly different among production intensity levels, but are probably highest for low-intensity selective logging (Figure 1b) . RIL (as compared to CL) generated the largest emission reductions when logging was low intensity. RIL made little difference for the plantation conversion scenario.
In the absence of deforestation, forest carbon stocks stabilized during the second harvest for the low-intensity selective logging scenario under both CL and RIL, but only under RIL for medium-and high-intensity selective logging scenarios ( Figure S2 ). Under the plantation scenario, net cumulative emissions reached a maximum at about 30 years, then decreased and stabilized as the logged but unconverted areas recovered and the areas converted to plantations collectively reached stable stocks.
Biodiversity
The combined impact of timber production and associated deforestation on relative species loss was the worst with low-intensity CL under insecure land tenure. With secure land tenure and RIL, the trend was reversed: low-intensity RIL scenario appears to be the best, but this trend was inconclusive (overlapping error bars in Figure 2 ). While species richness was relatively more sensitive than carbon to direct timber production impacts, deforestation still had larger impacts on species richness than timber production--with the exception of the lowintensity scenario with secure tenure. The ranking of scenarios was similar for individual taxa when considering both direct timber production impacts and associated deforestation ( Figure S3 ). RIL made a substantial positive difference only at low intensities, and only for amphibians, invertebrates, and mammals. 
Figure 2
Relative species loss after two harvest cycles (60 years) under four alternative scenarios that vary in wood production intensity and extent of timber production across a 30,000 ha forest area. Total annual harvest volume is kept constant. Relative species loss represents the combined modeled outcomes for birds, mammals, invertebrates, amphibians, and plants. Subscenarios vary due to direct logging impacts associated with either conventional logging or certified reduced-impact logging (RIL) practices. Outcomes also vary due to differences in deforestation rates within timber production areas as a function of land tenure (secure or insecure) and certification (RIL certified or not). Error bars represent ± 1 standard deviation. See Table 1 for model parameters, Supplementary Materials 1 for method details, and Figure S3 for taxa-specific results.
When considering only the direct impacts of timber production, we found little difference between the scenarios in terms of overall reductions in species richness (Figure 2) . This result holds when we consider birds and plants separately; but for mammals, amphibians, and invertebrates, higher intensity regimes that involved a smaller area were less harmful ( Figure S3 ).
Discussion
We find that low-intensity certified RIL offers the best overall conservation outcomes per unit of wood produced, in contrast with a growing body of scientific and policy literature supporting intensified forestry (Paquette & Messier 2010; Edwards et al. 2014; International Sustainability Unit 2015; Ruslandi et al. 2017) . Our findings are clearest for climate outcomes, and are driven by the potential for forest managers with secure land tenure to resist deforestation where they have a commercial interest in future timber harvests. Our results also emphasize the risks of low-intensity selective logging when best practices are not employed. Conventional low-intensity logging with insecure land tenure has the highest impacts on both climate and biodiversity compared to all other scenarios--in terms of both direct impacts from logging and increased likelihood of deforestation.
This stark contrast between alternative scenarios of low-intensity logging, which generate either the best or worst overall outcomes, may help explain why the conservation science community is of two minds about the potential for alliances between loggers and conservationists (Putz et al. 2012; Kormos & Zimmerman 2014) . In the absence of deforestation pressure, our results are consistent with Edwards et al. (2014) and indicate lower direct impacts from logging under intensification scenarios.
The direct impacts of timber harvest, in the absence of deforestation, are complex. Low-intensity logging requires more infrastructure than other scenarios and tends to have a higher impact per unit wood harvested than more intensive forms of selective logging--for both carbon and species loss. Among more intensive options, higher intensity selective logging RIL scenarios offer less than half the carbon impact as compared with RIL plantation conversion, but the pattern is reversed for species loss. Relative species richness appears to be more sensitive than carbon to the direct impacts of logging.
There is a notable lack of differences in species richness outcomes under CL practices across the production intensity spectrum. This indicates that as production intensifies, the declining footprint of timber production is counter-balanced by an increasing impact per unit area. This finding would likely differ if forest areas of different sizes and different beta and gamma diversities were considered. Furthermore, these findings mask complex outcomes that vary with taxa and geography (Woodcock et al. 2013; Burivalova et al. 2014) . Not all taxa are equally affected by forestry operations (Cowlishaw et al. 2009; Burivalova et al. 2015) . Our results reflect this, such as the lower sensitivity of some taxa (e.g., birds) to logging as compared to other taxa (e.g., mammals) and the sensitivity of some taxa to harvest intensity thresholds (e.g., amphibians). Not reflected in our results is large likely variation within community composition, most importantly the differential responses of forest specialist and generalist species .
Unsustainable hunting, potentially stimulated by logging, also reduces biodiversity (Brodie et al. 2015) . Our model includes hunting implicitly, through higher habitat suitability values for forests under certified RIL (Table 1) which we assume includes effective measures to protect wildlife, although successful implementation of hunting restrictions remains to be verified with field data (Brodie et al. 2015) .
Further research is needed to resolve the complex direct impacts of alternative logging systems; however, our results emphasize the importance of indirect relationships between forestry and deforestation to the resolution of the tropical forestry sharing versus sparing debate. We encourage broader and deeper applications of statistically robust methods that have identified--in some tropical geographies--that (1) legal logging concessions can resist deforestation as effectively as protected areas (Gaveau et al. 2012 (Gaveau et al. , 2013 Blackman 2015) and (2) FSC certification is associated with additional deforestation resistance (Blackman 2015; Miteva et al. 2015) . Implementing climate and conservation smart forestry depends on expanding our understanding of the geographic contexts in which such findings either hold, or do not Blackman et al. 2015) .
Regional spatially explicit analyses are needed for locally relevant conclusions
Extending these findings to specific landscapes should be done with consideration of geography-specific parameters, for which we provide a blueprint (see code in S2). Our model is particularly sensitive to (1) the relationship between forest management scenarios and rates of deforestation, (2) the relationship between harvest intensity and forest growth rates, (3) the response of different taxa to forest management and deforestation, and (4) total forest area. Our generic analysis identified low-intensity RIL as providing the best overall outcomes at the forest management unit scale; however, at the landscape scale, multiple scenarios may be optimal due to spatial variation--particularly in the five variables listed above.
Variables other than those we considered are also critical to designing better tropical forestry landscapes, including tree regeneration requirements, soil carbon, preharvest necromass, reforestation, other biodiversity metrics, other ecosystem service and human well-being metrics, costs and profitability, leakage, market access, and community-based forest management. Landscape approaches that attempt to optimize across some of these variables--like the triad approach to forest management developed for temperate forests--may be applicable in the tropics (Tittler et al. 2016) .
Regeneration requirements of commercial tree species that dominate timber markets require geography-specific analyses. Low-intensity single tree selection systems restricted to felling large diameter trees favor regeneration of shade-tolerant tree species, yet in many forests the mature trees being removed are relatively light-demanding species like Swietenia macrophylla, Shorea leprosula, and Entandrophragma cylindricum (Fredericksen & Putz 2003) . In such cases, more intensive shelterwood cuts could be used to secure regeneration of light-demanding commercial species (Ashton et al. 2001) .
Conversion of forests to plantations can reduce soil carbon (Guo & Gifford, 2002 ), but we judged the evidence for this effect insufficiently consistent to include as a model assumption for this analysis (Powers et al. 2011) , and we are not aware of literature offering an empirical basis for assigning generalized differential soil carbon impacts to alternative levels of selective logging intensity and logging practices. An important exception is plantation development involving peat drainage, where soil carbon losses are large and more important to account for (van der Werf et al. 2010) .
Even without considering soil carbon, we conclude that replacing extensive native forest management with smaller footprint intensive plantations is unlikely to offer carbon and species richness benefits; however, we did not consider plantations as a reforestation strategy. Reforestation of deforested areas with intensively managed plantations usually involves gains of biomass and soil carbon, rather than losses, offering carbon and other ecosystem service benefits. Also, while we did not find sufficient quantitative data in the literature to parameterize more nuanced improved plantation systems, plantations with multiple tree species can accumulate biomass faster than monospecific plantations (Erskine et al. 2006) and provide other ecosystem service benefits (Montagnini & Porras 1998) .
Species richness is a crude biodiversity metric for assessing the tradeoffs between intensive and extensive timber production. We encourage more refined biodiversity metrics for regional applications of our model. For example, species composition or individual species abundance metrics are needed where conservation of a specific set of threatened, endemic, or locally important species is a priority. These metrics require knowledge of the community composition of the locality being considered. No global estimates are yet available for changes in community composition due to selective logging.
While much work remains to understand how forestry landscapes can be designed to achieve conservation and human well-being objectives, we conclude that both the direct and indirect effects of forest management are central to understanding biodiversity and climate impacts. For tropical countries with extensive selective logging, we emphasize the large potential for reduced-impact logging, certification, and improved land tenure to contribute to meeting carbon emissions reduction goals. The argument for a sustainable "sharing" approach to tropical forestry landscapes depends largely on the extent to which loggers can resist, rather than catalyze deforestation. Indeed, natural forest management is one of the few, if not only, widespread business models that can generate a global commodity from the land without displacing the bulk of natural carbon and biodiversity--if best practices are used.
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